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An ideal ultrasonic transducer will be one which responds accurately 
to an ultrasonic waveform. Information contained within the original 
waveform should be easily obtained from the output of such a transducer. 
This will require the transducer to have a number of characteristics: 
i) Wide bandwidth - for some measurements response up to lOMHz is 
required. 
ii) High sensitivity - gives the ability to detect defects at a 
distance. 
iii) Low distortion of waveform - preferably non-contacting to avoid 
loading the acoustic wave. 
iv) Practicality. 
Conventional piezo-electric sensors possess characteristics ii) and iv). 
However, they usually have very limited bandwidths and the effect on the 
waveform is often unknown. Optical detectors usually have good perform-
ance as regards characteristics i) and iii), but have limited performance 
as regards ii) and especially iv). Details are given here of a system 
which provides a more practical approach to optical detection. 
Most optical detectors are based on a Michelson interferometer, with 
its wideband sensitivity to small surface displacements. Due to this 
wideband sensitivity, large changes in output are produced by environ-
mental noise, thermal effects etc. These changes tend to mask the small 
surface displacements produced by the acoustic waves one is trying to 
detect. Also, the sensitivity of a conventional interferometer changes 
with relative position of the mirrors, and for some values of mirror 
position, is zero. For sensitive detection of surface displacement one is 
forced to operate at particular mirror placings. By stabilizing the 
interferometer against environmental disturbances one can compensate for 
these two problems [1,2]. However, all stabilized interferometers have 
limitations in terms of the vibration excursion which can be followed by 
the stabilizing transducer. A sudden disturbance of the interferometer 
often leads to the need to reset the stabilization system. Thus such 
interferometers are often operated in semi-stabilized environments, such 
as optica! tables and benches. 
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A device which avoids this limitation is the quadrature dual inter-
ferometer, originally proposed by Peck and Obetz in 1953 [3]. The 
quadrature detection method was used to remove ambiguity with respect to 
the direction of surface movement, when measuring large (> A/4) 
displacements with an interferometer. The various optica! components of a 
quadrature interferometer are shown in Figure 1. It is essentially two 
interferometers which use the same optica! path. The two interferometer 
signals are derived from two orthogonally polarized components of light. 
A phase change of A/4 (900) is introduced into one of the polarizations 
relative to the other. This is achieved by a double passage through a A/8 
plate in one of the arms of the interferometer. The two polarizations of 
the resultant interference pattern are then separated to two photodiodes 
by a polarizing beam splitter. 
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Figure 1 Quadrature interferometer optics 
Vilkomerson [4] used a quadrature interferometer to measure surface 
displacements less than a quarter of a wavelength. The currents flowing 
in the photodetectors of a quadrature interferometer are of the form given 
by [s]: 
I 1 a: ( 1 + C sin 47fX +C-A- cos 
I 2 a: ( 1 + C cos ( 4~0) + C 4~x sin 
( 4~D) J 
(4~D)J 
•.. 1 
••• 2 
D path length difference of interferometer arms 
x small perturbation of path length difference 
c contrast ratie due to unequal intensities in the interferometer 
arms 
The first two terms in the brackets correspond to the static and 
pseudo-static components of photodiode current. The last term in the 
bracket is the photodiode current relating to the signal to be detected. 
The two resultant signals are squared and added, to produce a signal of 
constant sensitivity to displacement. 
(c 4~x) 2 output a: " 
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A circuit was developed to perform this function in real time. The output 
from the circuit associated with the surface wave from a Hsu-Nielson source [6] is shown in Figure 2. The process of squaring removes information which 
gives the direction of surface movement. This is not too much of a problem 
when interpreting simple waveforms as above . However, interpretation of 
complex waveforms can be extremely difficult. A further problem is that 
the analogue multipliers used in this circuit limited the dynamic range to 
16dB, and the bandwidth to 30KHz - 3MHz. Operation of the squaring and 
adding circuit was complicated by the need to adjust offsets and gains to 
compensate for changes in surface reflectivity. Also, these settings often 
needed readjustment, as they drifted as the multipliers warmed up. It may 
be possible to build a digital version of this unit which does not possess 
some of these limitations. However, such a unit is liable to be complicated 
and setting up for different surface reflectivities difficult. 
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Figure 2 Signal from Hsu-Nielson source 
In a quadrature interferometer the relative amplitude (and phase) of 
signals relating to small amplitude high frequency displacements depends 
on the relative displacement of the interferometer mirrors. The 
quadrature nature of the interferometer means that when the signal on a 
particular channel is small, the signal on the other channel is compara-
tively large. A method of selecting which of the two interferometer 
outputs is most sensitive at a particular instance in time will provide an 
output whose sensitivity does not fall to low values, as is the case in 
unstabilized interferometers. This method has the advantage that when the 
sensitivity of the channel not being monitored is low, and hence consists 
mostly of noise, it does not contribute to the output. 
The variation of the outputs from a quadrature interferometer with 
surface displacement are shown in Figure 3. The sensitivity of each 
channel to small amplitude displacements, given by the last terms of 
expressions 1 and 2, are equal when: 
1 cos (4~D) 1 = 1 sin (4~D) 1 ie 1 
12 
The points corresponding to these conditions are the intersections of the 
out put curves with lines marked L and H in Figure 3. When the output from 
a particular channel lies between these lines it is more sensitive to 
surface displacement than the other channel, and vice versa. Thus the 
movement of one interference fringe is divided into four sectors (A, B, C, 
D), within which a particular output has the highest sensitivity. The 
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Figure 3 Quadrature interferometer outputs 
phase of the sens~t~v~ty to displacement (+ve or -ve) is given by the 
polarity of cos(4rrD/A) (or sin(4rrD/A)), and hence the slope of the output 
curves. Thus one needs to design a system which is capable of selecting 
between inverted and non-inverted versions of the high frequency signals 
from each channel. Such a system will have a single output which contains 
directional information (positive up, negative down). The various 
components of such a system are shown in Figure 4. The relative 
sensitivity of the output to surface displacement will vary between l and 
0.707 (l/12), as the relative mirror positions vary. If the sensitivity 
is calibrated at the mid-point of this range (0.85), then the sensitivity 
of the output at any instance will be this value ~ 18% (+ l.4dB- l.7dB)! 
This is probably sufficiently accurate calibration for the majority of 
applications. If greater accuracy is required a method which will 
compensate for the variation in sensitivity can be applied. 
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Figure 4 Quadrature processing system 
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The variations of the photodetector outputs with surface displacement 
are given by expressions l and 2. The sensitivity to small surface 
displacements of channel l is given by the last term of expression 1: 
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41TX (4~D) lii o: -A- Ccos " 
where the cos term represents the variation of sensitivity with mirror 
position. The pseudo-static (low frequency) component of channel 2 
photodetector output is given by the first two terms of expression 2. 
I2 o: 1 + Ccos (4~D) 
Thus if the DC offset is removed from this output, the sensitivity 
variation of channel 1 may be derived from the low frequency photodetector 
output of channel 1. This could be performed 'off line' in the form of 
re-scaling the output. Alternatively it could be performed in 'real time' 
using an analogue divider to compensate for variations in high frequency 
sensitivity. 
In order to select the correct channel for the output, a means of 
determining which of the four sectors of quadrature output the inter-
ferometer is operating in is required. From Figure 3 it can be seen that 
each sector is characterized by one or other of the channels being above 
level H or below level L. The quadrant detection is thus performed by 
comparators, which detect when the photodetector outputs are in one of 
these states. Unfortunately, there is ambiguity as to which channel has 
the highest sensitivity when operating near the point of equal sensitivity 
(point A, Figure 5). In practice the comparators are set to detect levels 
slightly above H and slightly below L. Thus the output does not switch 
until it reaches point B, where the high frequency information from channel 
2 is selected as the output. A digital logic system is used to prevent 
no output being selected and to control the switches which select the 
appropriate high frequency signal as the output. 
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Figure 5 Output selection 
Measurements of vibration levels experienced by the instrument 
indicated that fringe frequencies up to 2KHz were observed whilst working 
on a normal laboratory bench. As it is required to detect four sectors 
within a period of one interference fringe, switching between the various 
channel outputs will occur at frequencies up to 8KHz. This is well 
within the switching rates possible with solid state switches. However, 
in order to prevent steps in the output when switching from one channel to 
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another, these low frequency components must be removed from the high 
frequency signal. Filtering is also necessary to prevent saturation of 
amplifiers used to amplify the ultrasonic signals. Studies of the frequency 
content of the interferometer outputs for various levels of environmental 
disturbance were carried out. Whilst resting on a normal laboratory bench 
the output from the interferometer had fallen to the background noise level 
(approx. -60dB) at 500Hz. When the bench was subjected to 'heavy tapping' 
the background noise level was reached around lOKHz (Figure 6). Thus 
before designing a filtering system, measurements of vibration levels 
encountered need to be carried out. Filtering was designed for the most 
severe environment corresponding to the second situation above. In order 
to keep the environmental noise components of the output at or below the 
background noise level, a fourth order filter with a corner frequency of 
lOKHz is required (Figure 7). A lower order filter with a higher corner 
frequency could be used, but this would reduce the bandwidth which is 
available for the signal. Filtering required to remove the effects of 
environmental disturbances imposes a low frequency limit on the bandwidth 
available for detection of the acoustic signal. The high frequency limit 
is determined by the photodetector electronics. When used to detect 
surface waves the finite size of the probe beam may also limit the high 
frequency response. 
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Figure 7 Filtering requi r ements 
Once the effects of environmental disturbances are removed from the 
outputs, the high frequency signals need to be amplified so that both 
channels have the same maximum sensitivity to displacement. Differential 
video amplifiers were used to amplify the signal and to produce the 
inverted and non-inverted versions of the signal. The appropriate signal 
is then selected as the output by solid state switches driven by the 
quadrant detection logic. If the processing electronics does not add 
significantly to the noise levels, the signal to noise ratio will be the 
same as that of a standard interferometer. This may be determined from 
the low frequency and signal components of photodiode current, given by 
expressions 1 and 2. This signal to noise ratio will vary with fringe 
position in a manner given by Kwaaitall et al [s]. In the interferometric 
system used with a bandwidth of SOKHz to lOMHz, noise levels corresponding 
to displacements of around 50pm were observed. 
The interferometer itself is easily portable being based on a 2mW 
He-Ne laser, which contributes to most of the bulk of the transducer. The 
optical components are pre-aligned, so adjustment is carried out by 
observation of the low frequency detector outputs on an oscilloscope. 
Adjusting for maximum full fringe voltage excursion produces an interference 
pattern of good contrast at the photodetectors. The gain and offset 
applied to the low frequency signals is adjusted to give a full fringe 
voltage swing of ! V. This voltage is selected such that the levels the 
comparators detect can be fixed at! 0.75V. Amplification to a standard 
level also has the advantage that,if the high frequency signal is 
amplified in the same proportion as the low frequency signal, then the 
maximum output sensitivity is independent of surface reflectance, and 
hence setting conditions. However, it is still necessary to adjust for 
maximum full fringe voltage excursion in order to obtain a high signal to 
noise ratio. 
With the interferometer adjusted in this manner it was used to detect 
the signal from a Hsu-Nielson source [6]. A Gould.4500 digital 
oscilloscope was used to digitize and store the resultant waveform of 
surface displacement. The system reliably captured the waveform from 
successive events. The amplitude of the resultant waveform was observed 
to vary. However, this was within the limits expected from variations in 
amplitude of the signal source, and the 20% variation in sensitivity of 
the detection method. The interferometer was also used to detect the 
signal from the crushing of hollow glass balatini. These produce a 
signal which is similar to that from the fracture of a pencil lead, but 
an order of magnitude lower in amplitude and faster in rise time. The 
instrument was used to capture a number of such waveforms, an example of 
which is shown in Figure 8. 
A portable detection system based around a quadrature interferometer 
has been outlined. A new method of processing the information from the 
quadrature interferometer based on the selection of the most sensitive 
output bas been described. A prototype signal processing system was 
developed. Optimization of the instrument for particular vibration 
situations may be performed by selection of the appropriate filtering 
regime. Together, the interferometer and signal processing unit form a 
detection system which bas a performance equivalent to that of an 
interferometer stabilized to within 75% of the centre of a fringe. 
However, as the system is not limited by the performance of a stabilizing 
transducer, it may be applied to a wider variety of situations than 
stabilized interferometers. The resultant instrument possesses the 
advantages associated with optical detection methods, and is a step 
nearer being a practical method of monitoring ultrasonic waves by optical 
means. 
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